Study Design. A cross-sectional study.
A dolescent idiopathic scoliosis (AIS) is a disorder affecting 2 to 3% of children between the ages of 10 and 16 1 and accounts for up to 85% of all scoliosis cases. 2 AIS affects the three-dimensional structure of the spinal column and ribs. 3, 4 The spinal deformities associated with AIS may have a significant effect on the exercise capacity for children with moderate to severe scoliosis. Previous studies have found that the oxygen consumption in children with AIS is significantly different than that of their peers and that when walking children with AIS require more energy than typically developing children. [3] [4] [5] [6] [7] [8] [9] [10] [11] However, it was also found that like their peers, children with AIS can improve oxygen consumption with training. 8 Traditionally, oxygen consumption or exercise capacity has been measured using an oxygen consumption device wherein subjects are required to wear either a mask or mouth-piece and nose clip, which is difficult for some teenage patients and impossible for younger children. Recently, motion analysis has been proven to be a valid and noninvasive alternative to traditional oxygen consumption testing when defining the breathing mechanics of children with AIS and non-affected children. [12] [13] [14] Studies using motion analysis to measure chest wall motion have found strong correlations between kinematics and pulmonary function in From the both normal and children with spinal deformities. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The purpose of this study was to measure the exercise capacity of children with mild to moderate AIS as compared with agematched controls using a traditional method of measuring oxygen consumption and simultaneous kinematic data collection during steady-state walking to quantify the effect of the spinal and thoracic deformity on the oxygen consumption of patients with AIS.
MATERIALS AND METHODS
Local medical institutional review board approval was granted for this study. Thirty children, 11.7 to 18.7 years of age, were enrolled. Prospective subjects with AIS were recruited from the patient population of Shriners Hospitals for Children, Lexington: 15 adolescent children diagnosed with AIS and 15 typically developing children (Table 1) . There were a total of two boys and 13 girls in each group. For the (AIS) group, the average Cobb angle was 36.2 (AE9.6) degrees and an average Risser sign of 4.5 (AE0.8). Inclusion criteria for the AIS group consisted of a body mass index (BMI) between the fifth and 85th percentile. Exclusion criteria included a documented history of surgical intervention for the treatment of scoliosis, with the exception of bracing, negative history of any pulmonary, neuromuscular or other orthopedic disorder, and an inability to follow directions. The control group consisted of typically developing subjects who were recruited from the local community and had the same inclusion and exclusion criteria as the AIS group. In addition, the control group was matched to the (AIS) group using age, height, weight, sex, and BMI.
Oxygen Consumption During Steady-State Walking
Each subject was instructed to determine a comfortable walking speed, between 1.8 and 2.5 mph (0.8-1.1 m/s) on a treadmill during a 1 to 2-minute familiarization period before data collection. Oxygen consumption testing consisted of three consecutive phases: resting (4 minutes), exercise (10 minutes), and recovery (4 minutes). Breathe-bybreathe oxygen consumption was measured for the three test phases using a Cosmed K4b2 portable pulmonary gas measurement system (COSMED, Rome, Italy) and a Hans Rudolph face mask (Hans Rudolph Inc., Shawnee, KS). The K4b2 was attached to an intravenous (IV) pole to allow subjects free range of motion of extremities and to avoid obstructing camera view of the reflective markers on the chest. Subjects were instructed to place hands on the treadmill for safety and to minimize arm swing for kinematic analysis. Measured data included breaths per minute (BPM), tidal volume (VT), and the volume of oxygen consumed in the resting, exercise, and recovery phases [VO 2 (ml/kg/ min)]. Validity of the Cosmed K4b2 has been well established (J. Eisenmann) (Schrack).
Kinematic Analysis
Simultaneous kinematic assessments of each phase were recorded for 15 seconds at the beginning of every minute of testing. Forty-one reflective markers (0.64 cm dia.), secured with double-stick discs and placed in five concentric rings surrounding the trunk (Figures 1 and 2) , were used to define eight convex hull volumes: right and left upper thorax, right and left lower thorax, right and left upper abdomen, and right and left lower abdomen. Combinations of these were used to assess volume changes for the entire chest, lower and upper abdomen, and lower and upper thorax. To ensure marker visibility, a 7.6 cm extension with a reflective marker on the end was used with female subjects for the chest center marker. Kinematic data were collected using 12 Eagle cameras, tracked in Cortex 5.5 (Motion Analysis Corp. Santa Rosa, CA), and analyzed in Visual 3D v5 (C-Motion Inc. Germantown, MD).
Data Analysis
Data were analyzed using SPSS v.21 (IBM, Armonk, NY). Student t test was used to measure the significant difference between the control group and the AIS group in the resting, exercise, and recovery phase of treadmill walking. t tests were utilized to measure the difference between the control groups and the AIS group's percentage contribution to the total volume for the upper thorax, lower thorax, upper abdomen, and lower abdomen in the three phases. In addition, the significant differences between data collection methods, K4b2 and kinematic analysis, were measured for the BPM and VT of all subjects (N ¼ 30), control subjects (N ¼ 15), and AIS subjects (N ¼ 15) in all three phases.
RESULTS

Differences Between the Control Group and AIS Group
There were no significant differences between the control and AIS groups for BPM and VT for both the K4b2 and kinematic data collection methods in any of the three phases (Table 2 ). In addition, there were no significant differences noted between the control group and AIS group when measuring the VO 2 in all phases. However, trends in the data were noted. The AIS group demonstrated a nonsignificantly higher BPM measure than the control group for all phases for both data collection methods. The VT for the AIS group, as measured by the K4b2, was similar to the control group in all phases. However, when measured by kinematic analysis, the AIS group demonstrated a nonsignificantly lower VT than the control group in all phases.
Differences in Percentage Volume Contribution Between the Control and AIS Group
There were no significant differences between the control and AIS groups when measuring the percent contribution for the upper and lower thorax and upper and lower abdomen in all three phases (Table 3) . For all three phases, both the control and AIS group recruited the highest percentage from the lower thorax, followed by the upper abdomen, the upper thorax, and lastly the lower abdomen.
Differences Between Collection Methods
There were significant differences between K4b2 and kinematic data collection methods when measuring VT in all three phases (Table 4) . However, there were no significant differences between data collection methods when measuring the BPM for all phases. The kinematic analysis consistently overestimated the VT for all phases of treadmill walking. This is most likely due to the centroid of each reflective marker being 0.32 cm away from the surface of the skin, increasing the estimated volume and volume changes, requiring offsets for data comparisons with traditional methods. The equations for the VT kinematic offsets were developed (Table 5) 
DISCUSSION
The purpose of this study was to measure the exercise capacity of children with mild to moderate AIS and compare them with matched controls using oxygen consumption during steady-state walking and simultaneous kinematic analysis. This study found that children with mild to moderate AIS are not significantly different than matched control subjects for the VO 2 as measured in the resting, exercise, or recovery phase of steady-state treadmill walking.
The results of this study do not support the previously reported differences between children with AIS and controls. It has been reported that when Cobb angle is greater than 20 degrees, there is a decrease in the capacity to perform aerobic work. 11 The mean Cobb angle for this study was 36.2 degrees, well above the degree that has shown differences, and no differences were noted between the AIS and control groups.
In addition, Mahaudens et al 8 reported that children with mild scoliosis have increased energy cost when walking and have a decreased exercise capacity. The range of oxygen consumption in normal above ground walking for typically developing children and adolescents ranges from 12.9 to 15.3 ml/kg/min. 25 The results of this study do not differ from prior research. The oxygen cost when walking fit within the higher range reported for typically developing children and adolescents. The average oxygen cost for walking in this study was 15.1 (1.4) ml/kg/min for controls and 15.7 (2.7) ml/kg/min for AIS subjects, indicating that there were Czaprowski et al 10 also evaluated the submaximal volume of oxygen consumption for girls with mild to moderate AIS. It was found that girls with mild AIS were no different from their peers; however, girls with moderate AIS had a significantly lower submaximal exercise capacity. 10 In this study, when separated according to the same criteria in the study by Czaprowski et al, 10 the mild AIS subjects were not significantly different from those with moderate AIS (data not presented).
The methods of this study have several limitations that may have contributed to no significant differences being found between AIS and control subjects. Previous research that focused on the oxygen consumption of children with AIS utilized standardized maximal and submaximal modes of exercise testing. In this study, the primary objective was to measure oxygen consumption differences using a walking test. By allowing subjects to walk at their normal speed for 10 minutes, the results reflect the oxygen consumption required to perform activities of daily living and not the athletic ability or fitness level of the subjects. More differences between AIS and control subjects may have been found at higher speeds of walking/running. In addition, recent literature suggests that a 6-minute walking test in the pediatric population should be used with caution because of the variable methods and procedures. 26 Therefore, a 10-minute steady-state walking test was utilized with a 2-minute familiarization period before testing. For treadmill adaptation, it has previously been reported that a 10-minute period is needed to reach the optimum level of familiarization. 27 The lack of a 10-minute familiarization period for subjects not familiar with treadmill walking may have influenced the results of the study.
Several studies have tried to attribute the decreases seen in the exercise capacity of children with AIS to the decreased There are no significant differences between groups for all variables. AIS indicates adolescent idiopathic scoliosis.
ability of the chest wall to expand and contract while breathing. It has been suggested that these limitations arise from the decrease in chest motion as a direct result of the three-dimensional deformity of the spine. 28 It has also been reported that children with scoliosis have stiffer spines as measured by motion analysis of the trunk when lateral bending. 28 It was suggested that a stiffer spine could lead to a decrease in chest cage motion, which can in turn decrease the ability to expand the chest, abdomen, and diaphragm when breathing. Coast and Cline 29 studied the effect of progressively increasing the restriction of the chest wall during exercise for normal subjects. It was found that the increasing restrictions on chest wall motion caused a decrease in the volume of oxygen consumed. 29 In this study, the overall motion of the chest wall was calculated by measuring the percentage contributions of the upper and lower thorax and upper and lower abdomen to the total volume changes when exercising. This study did not find significant differences between the AIS group and the control group. Nearly 50% of the total trunk motion reported during the rest, exercise, and recovery phases of treadmill walking comes from the lower thorax, where diaphragmatic motion occurs. The upper abdomen accounts for about 20 to 25% of the total contribution and the upper chest and the lower abdomen accounts for the remaining 25 to 30% of motion. This suggests that the AIS group utilized the same breathing mechanics seen in typically developing children. This further supports the finding of studies by Sanna et al 30 and Leong et al 28 who measured the volume of chest wall motion and found that the diaphragm/chest is the major contributor to the motion of breathing, with the abdomen contributing less.
Motion analysis of the chest wall has been well established as a reliable, valid, and noninvasive method to measure pulmonary ventilation.
14,21,24,30 -32 Several studies have found that motion analysis of the chest wall can 
DEFORMITY
Chest Kinematics and VO 2 in Children Wallace et al accurately measure chest motion in normal controls and subjects with stiff chest walls due to scoliosis. 28, 33 However, in this study, it was found that kinematic analysis of the chest wall consistently overestimated the tidal volume measurements for the resting, exercise, and recovery phases.
As noted in the Materials and Methods section, the raised markers projected the centroid to 0.32 cm beyond the chest wall. Due to the resulting volume differences, linear equations were developed to offset the kinematic, making it comparable to data collected using the K4b2 device. In conclusion, children with mild to moderate AIS are no different from peers with respect to oxygen consumption during steady-state walking. In addition, children with mild to moderate AIS do not have significant differences in chest wall motion, as compared with controls, when walking on a treadmill. Furthermore, kinematic analysis of the chest wall consistently overestimated the average tidal volume when walking. Therefore, the use of chest wall kinematics to measure exercise capacity in those who would not otherwise complete traditional testing is feasible with an offset to account for differences. Future direction for this research includes testing on adolescents with AIS pre and postoperative spinal fusion, evaluating this system in early onset scoliosis.
Key Points
Children with mild to moderate adolescent idiopathic scoliosis do not demonstrate differences in oxygen consumption compared with age, height, weight, and BMI-matched control subjects during steady-state walking on a treadmill. There are no significant differences when comparing children with mild to moderate adolescent idiopathic scoliosis and matched controls when measuring the contribution of the upper and lower thorax and upper and lower abdomen to the total chest motion when walking on a treadmill. Measuring oxygen consumption using motion analysis of the chest wall overestimated the tidal volume when walking on a treadmill for both control subjects and children with scoliosis, thus requiring an offset equation for accurate chest kinematic data.
